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Abstract 

We compute quadratically divergent supergravity one-loop effects on soft 
supersymmetry-breaking parameters and the fj, term in generic hidden sector 
supergravity models. These effects can significantly modify the matching 
condition for soft parameters at the Planck scale and also provide several 
new sources of the \x term which are naturally of order the weak scale. We 
also discuss some phenomenological implications of these effects, particularly 
the violation of the scalar mass universality which may lead to dangerous 
FCNC phenomena, and apply the results to superstring effective supergravity 
models. 
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Supergravity (SUGRA) models with a supersymmetry (SUSY)-breaking hidden sector 
provide an attractive theoretical scheme to explain the soft SUSY-breaking terms in the 
SUSY standard model [I]]. If SUSY is broken at a scale Ms in such models, soft parameters 
have a scale of order 777,3/2 ~ Mg/Mp where 7713/2 is the gravitino mass and Mp « 2.4 x 10 18 
GeV denotes the reduced Planck mass. One then obtains the desired weak-scale soft terms 
if Ms has an intermediate scale value, Ms ~ 10 10 GeV. Besides the soft parameters, the 
SUSY standard model contains another mass scale, the Higgsino mass /i. Understanding 
why fi has the weak scale value, not Mp for instance, has been often called the fi problem. 
It has been known that hidden sector SUGRA models can accommodate mechanisms which 
lead to fi ~ m 3 / 2 in a natural manner, thereby solving the fi problem Jl]. 

Usual computation of the soft parameters and fi in SUGRA models goes as follows. One 
first computes these parameters at the tree level of SUGRA interactions 0. The results are 
then interpreted as a matching condition for the soft terms and the fi term at Mp which 
corresponds to the scale of the messenger SUGRA interactions. Once the values at Mp are 
given by this tree-level matching condition, one takes account of the logarithmic running 
due to the renormalizable gauge and Yukawa interactions in order to find the value of the 
parameters at low-energy scales. 

However, there can be a significant modification of the matching condition in this pro- 
cedure due to the quantum corrections induced by non-renormalizable SUGRA interactions 
0. These SUGRA radiative corrections are quadratically divergent and thus they do not 
affect the logarithmic running, but alter the matching condition at the cutoff scale A « Mp. 
Note that essentially this amounts to the modification of the messenger SUGRA interactions 
and thus A has to be taken as the messenger scale Mp (or the string or compactification 
scale in string theory), not for instance the intermediate SUSY breaking scale Mg- In this 
paper, we wish to examine the SUGRA radiative effects on the soft parameters and fi at 
Mp in generic hidden sector SUGRA models, and discuss their implications. As we will see, 
the modifications due to quadratically divergent SUGRA effects are qualitatively different 
from those due to the logarithmic running effects. For instance, even when the tree-level 
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matching condition gives a universal soft scalar mass at Mp, SUGRA radiative effects can 
significantly spoil the universality, which may lead to dangerous flavor changing neutral 
current (FCNC) phenomena at low energies. They also provide several new sources of the 
/x-term which are naturally of order the weak scale. Taking account of SUGRA radiative 
effects will be particularly important in the case that the tree-level matching condition gives 
vanishing (or significantly smaller than m 3 / 2 ) soft parameters and/or \x at Mp. In this case, 
one-loop SUGRA effects can provide a leading contribution, not merely a subleading cor- 
rection. The above aspects will be discussed later in the context of superstring effective 
super gravity models. 

Our starting point is the bosonic part of the SUGRA Lagrangian related with the scalar 
fields, including the relevant one-loop correction £1: 
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where the Kahler function G = K + log \ W\ 2 is a combination of the real Kahler potential 
K(cj) 1 , (p 1 ) and the holomorphic superpotential W^ 1 ), Gj = djG = dG/dcf) 1 , the matrix K IJ 
is the inverse of the Kahler metric Kfj = djdjK, and finally N c denotes the total number of 
chiral multiplets in the model. To simplify the notation, we have introduced a generalized 
Ricci tensor 

Rjj = ^m[det(^)/det(Re/ a6 )] , (2) 

where fabi'P 1 ) is the holomorphic gauge kinetic function, with a, b denoting gauge indices. 
Here we ignore the D-part of the scalar potential with the assumption that SUSY is broken 
by the F-components of some hidden sector fields. The pieces proportional to A 2 represent 
the quadratically divergent SUGRA one-loop corrections which will modify the matching 
conditions for the soft parameters and // at A ~ Mp. Note that the logarithmically divergent 



pieces can be properly taken into account by the well known renormalization group running. 
Unless explicitly specified, we will use throughout this paper the standard SUGRA mass 
unit in which Mp = 1, and thus for instance A denotes the cutoff scale in this unit. 

In hidden sector SUGRA models, it is convenient to split the chiral multiplets into two 
categories, the hidden sector multiplets {h m } and the observable sector multiplets {C a } 
The hidden sector fields develop large vacuum expectation values (VEVs) ss Mp and are 
responsible for SUSY breaking if some of their auxiliary components develop non-vanishing 
VEVs. On the other hand, the observable sector fields have the VEVs <C Mp, allowing an 
expansion of K, W and f a b in powers of C a : 

K=K + K- p C a W + -K^-f^CFS 1 
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W= W + \\ia&G a C^ + ~Y al37 C a CPCi + ... , 

fab— fab + ^fabapC a C P + ... , (3) 

where the ellipsis denote the terms which are irrelevant for the present calculation. Note that 
the coefficient functions in K depend upon both h m and h , while the coefficient functions 
in W and f a t, are holomorphic functions of h m only. It is well known that the quadratic 
terms associated with Z a p and ji a p are relevant for the \x term |[J. As we will discuss below, 
when SUGRA corrections are included, the cubic and quartic terms associated with Z a ^ 
and Z a/3 ^, and the quadratic terms associated with f a bap are also relevant for \i. 

Then integrating out the hidden sector fields in the Lagrangian ([!]), we find the kinetic 
terms and the soft SUSY-breaking scalar potential of the observable sector fields as 

-[\B' a pC a C? + \K Pl C a C^C^ + h.c] , (4) 
where the kinetic coefficients are given by 



K-, = K-, + ^- 2 (R a -,-^), (5) 

and the primes in soft parameters mean that they are defined for un- normalized fields. The 
soft masses and ^-coefficients are 
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where m 3 / 2 = e G//2 and _F m = e G ^ 2 K mn Gn denote the hidden field auxiliary components 
for K mn being the inverse of Knm = d m dnK. We recall that we are using the unit with 
Mp = 1, which applies also for the cut off A. The (generalized) Riemann and Ricci tensors 
that appear in the above are given by 

+ K^K aWs - K^ s K m ^Z^d m Z rs , 
Rmn = «9 m a fT ln[det(^)/det(Re/ ab )] + K^R m -- & , 
R^ = (KU* = K m Rrnn, K> = Rtf , (8) 

where K@ a is the inverse of K a p, Z-^ = (Z a py)* and Z~p = (Z a p)*. The symmetrized sub- 
script in (0) means a cyclic sum, i.e. (qPj) = a/?7 + P^a + jaP and the Kahler covariant 
derivative D m = (An)* is defined as D m H ai apA ^ = d m H ai ^ ^ -T^H^ a ^ ^ - 
... — Tma p H ai a ,p i -0 for the Kahler connection = K^dmKpa. (Similarly, D m includes 
only r^-- = (r^ Q )* which applies only for Pi, ...p q .) Finally, V\ in the soft scalar masses (j^) 



denotes the vacuum energy density including the quadratically-divergent one-loop correc- 
tion: 
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The observed vanishing cosmological constant implies that one can set V\ = ||. 

In @ and (0), the pieces proportional to A 2 correspond to the one- loop SUGRA modifi- 
cation of the matching conditions for the soft parameters at Mp. These SUGRA corrections 
appear to be sensitive to A whose precise value can be determined only when the underlying 
theory of the SUGRA model is known. In the case that the underlying theory is a string 
theory, A would be either of order the string scale M st = \gcurMp or of order the compact- 
ification scale M c which is very close to M st in weakly-coupled heterotic string theory j9]. 
In the M-theory limit of strong string coupling, M c would be lower, but it was argued that 
generically M c ~ aGurV^nMp [TIJ and thus M c is around M st even in the M-theory limit. 
Based on these observations, in the following we will use A = \qgutMp when we estimate 
the size of SUGRA corrections. As can be easily noted, SUGRA corrections involve the 
summation over the chiral multiplets. For instance, R a jj in (§) involves the summation of 
the coefficients R mTic ^ and K^j. Similarly R m n involves the summation of the coefficients 
R-mnap- Since these coefficients are generically of order one in the unit with Mp = 1, the 
SUGRA one-loop corrections in the soft scalar mass and A are generically 0{ f^S^ W3/2) 
unless some cancellations take place. (See also the pieces in (H) and ([/]) which include ex- 
plicitly the factor A^. It is worth noticing that the gauge kinetic function piece in R m n can 
give a contribution of (9( ^2^ 1713/2) where A^ is the total number of vector multiplets.) 
Since A^ c can be large as O(10 2 ) (N c > 49 since the minimal supersymmetric standard model 
contains already 49 observable chiral multiplets), these SUGRA corrections are expected to 
be quite significant, for instance 0(10%) corrections for A = \qgutMp fCTf . They would 
be particularly important if rnl^^ap = ^^mna^ 1 an d thus the tree-level matching con- 
ditions, i.e. setting A = in @, give vanishing soft scalar masses. This indeed happens 



in no-scale SUGRA models and also in some special limits of superstring effective SUGRA 
models which will be discussed later. In this case, the major part of soft scalar masses may 
arise from the one-loop SUGRA effects in (||). 

One of the interesting features of the above SUGRA corrections is the lack of universality. 
If the Riemann tensor can be factorized as R mJla p = c m nK a jj, as it happens e.g. in the 
dilaton-dominated SUSY breaking in string theory or in no-scale SUGRA models, the 
tree-level matching conditions would give a universal soft scalar mass for the normalized 
observable fields with canonical kinetic terms. But now we see that due to SUGRA radiative 
corrections, particularly due to the pieces depending upon Z a ^ and in @, the soft 

scalar masses will have a generic matrix structure with non-degenerate eigenvalues [12|]. So, 



even when tree-level soft masses are universal, FCNC effects may appear as a consequence of 
this modification of the matching condition. Note that this is completely independent of the 
FCNC effects arising from the running of soft masses induced by the Yukawa interactions. 
Of course, if soft masses are already non-universal at tree level, SUGRA corrections are an 
extra source of non-universality to be added. 

Let us now discuss the \i term and the related B coefficient. The effective superpotential 
(after the hidden sector fields are integrated out) will include the \i term: W e s 3 \ii! afi C a C^ . 
(Again the prime in /i means that it is defined for un-normalized C a in (4).) The supersym- 
metric scalar masses resulting from this //-term are given by K /,yS p! a ^\J~ where K //yS is the 
inverse of K'^ in (||). We then find 
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where M a = ^glF m d m f a denotes the a-th normalized gaugino mass and we have assumed 
that the gauge kinetic function is diagonal in gauge indices, i.e. f a b = o~ a bfa, as is the case 
in all interesting models. 



The above result shows that the one-loop SUGRA effects proportional to A 2 do not 
only modify the already known contributions from jl a p and Z a p in the tree-level matching 
condition, but also provide new sources of the \i term depending upon the coefficients Z a ^ 
and Z a/3 $ in the Kahler potential and also the coefficients faba/3 = 8abfaa/3 in the gauge 
kinetic function (|3]). Under the natural assumption that these coefficients are of order one 
in the unit with M P = 1, the new contributions from Z a p^ and Z aj3 ^ are of 0{ ^2^2 ra 3 / 2 ), 
while the contribution from f aa p is of 0( ^2^2 M a ), and thus they are naturally of order 
the weak scale. We stress that our mechanism generating /i from the gauge kinetic function, 
i.e. the last piece of fllPf) , is different from the mechanism of [13] which uses a hidden sector 
gauge kinetic function fh as the origin of fi. The mechanism of |13|] applies only when 
SUSY is broken by the gaugino condensation generating a nonperturbative superpotential 
W np oc e _c ^, and thus in our context, it corresponds to generating the coefficient /i Q/ g in the 
SUGRA superpotential. The B coefficients related with the above jj,' af5 are given by 
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Notice that the last two pieces proportional to A 2 are related with the new sources of the \x 
term. Similar comments to those below (|9|) with respect to the soft masses and A coefficients 
can be applied to the B coefficients. 
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The canonically normalized observable fields can be obtained by the transforma- 
tion C a — ► uj l l 2 U a pCP under which the kinetic coefficients go to the identity matrix: 
UcrfK'-gUj-g = 5 a p and u 1/2 (u = 1 + ^(N c - N v + 1)) is due to the Weyl scaling in- 
troduced to make the graviton kinetic term including the SUGRA one-loop correction to 
be the canonical form, i.e. \^JgulZ — ► \yfgR,. Then the soft and \i parameters for the 
normalized fields are given by 

H ai ...a p = ^ dnl2 U ai ^ ■ ■ ■ Ua^H'fo p p , (12) 

where H ai __ Mv = (A a ^, B a p, p, a/3 ) and du is its mass- dimension. Note that the above trans- 



formation (12) toward the normalized fields provides an additional source of non- universality 
in soft masses. 

The analysis of Q shows that the kinetic coefficients of gauge fields do not receive 
any quadratically-divergent SUGRA correction. Since gaugino masses are related with the 
kinetic coefficients of superpartner gauge fields, this implies that the matching condition for 
gaugino masses is affected by the one-loop SUGRA effects only through the Weyl scaling 
M a — > oj~ l ' 2 M a . This completes our discussion of the one-loop SUGRA modification of the 
matching conditions for \i and the soft parameters in generic hidden sector SUGRA models. 

Let us now apply our general results to the case of superstring effective SUGRA models 
in which the dilaton field S and the moduli fields Tj play the role of SUSY-breaking hidden 
sector fields. At string tree level, the gauge kinetic function is simply given by f a = k a S 
where k a is the Kac-Moody level of the gauge factor. Since the Kahler potential depends on 
the compactification scheme, we will concentrate here on (0,2) symmetric Abelian orbifolds 
with diagonal moduli and matter metrics. (However our main conclusions will not depend 
on the particular compactification scheme used.) For this class of models, some coefficients 
of the Kahler potential in (|3|) have been computed. In particular, at string tree level K = 
— \og(S + S) — J2i log {T% + Tj) and = 5 a pIli(Ti + T i ) n °', where n % a are the modular 
weights of the matter fields C a . Although not computed explicitly yet, one can imagine the 
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following modular-invariant form of K a -0s '■ ^ a ~f& = ^aj^sX^U^Ti + Ti) n "Uj(Tj + Tj) 11 ?, 
where X a p are constant coefficients of order one. We then find from (Q) and (|12D with 
U a /3 = S a /3Ui(Ti + Tj)~"«/ 2 [1 — 3^2(^7 X aj — Y.i n a~ 2)], the diagonal soft scalar masses for 
normalized observable fields: 

< ,™, 2 \ A , (N c + N v -7)A 2 \ 



ro -^ /2+? _^_ |Ff ^ 1 + __ 

A 2 r/ \ „i 
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7 i / i \ 1 1 v \ 7 / 

where denote the VEVs of the moduli auxiliary fields. 

One can now see more explicitly some of the interesting features of the one-loop SUGRA 
corrections which were discussed in the framework of the general formula (^]) for the soft 
scalar masses. For instance even when the tree-level matching condition in ([H|) leads to 
a universal soft mass, which would be the case if all C a have the same modular weight or 



if all F % = (this corresponds to the case of dilaton-dominated SUSY breaking [[14] ,|l5|j ) , 



the SUGRA corrections depending upon X ai are no longer universal [HJ. Also in the 
limit that tree-level soft masses are vanishing, which can happen in the moduli-dominated 
SUSY breaking if SUSY breaking is equally shared among Tj's and one considers untwisted 
particles, SUGRA one-loop effects in (|13|) give m 2 a = 0(i^rW^ 2 ) rs 10 _1 m| /f2 for A = 
\9gutMp. We stress that this SUGRA correction can be much more important than the 

t 3/2 



string one-loop effects which would give m 2 a ~ 10 ^m\ /2 by modifying the dilaton-dependent 



term in K . 
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